INTRODUCTION
In ultrasonic nondestructive evaluation, one of the factors that can greatly affect the inspectibility of a part is the condition of its surface. In nuclear reactor components, factors such as weld overlay, claddings, grinding and diametrical shrink can generate interfaces with wavy, corrugated or abruptly stepped topographies. These large scale surface roughnesses could, in tum, cause excessive beam distortion and produce unreliable results. Therefore, there has been a need to quantify the adverse effects of surface conditions during ultrasonic inspections.
A few years ago, we reported on the development of an approximate model that could trace the propagation of the ultrasonic beams through irregularly shaped interfaces [1, 2] . In those studies, the theoretical model was validated experimentally for the case of step discontinuities, with the comparison being made to the beam profile observed at the bottom of the sample. In this study, the theoretical model was extended to predict the ultrasonic response from cracks when they are observed through irregular surfaces. The results of that model have been compared to experimental results for different crack sizes. Once the validation of this model has been completed, it will be used as an engineering tool to study the effects of surface conditions upon the ultrasonic inspection of nuclear reactor components.
THEORETICAL BACKGROUND Beam Propagation
The model uses a hybrid, Gauss-Hermite ray tracing beam model [1, 2] . The computation for propagation of the ultrasonic beam through a rough interface is done in three stages. The first stage consist of computation of pressure field at grid points over the rough interface. In this stage, a circular piston transducer is assumed and the field is computed using Gauss-Hermite beam Model [3] . Also, in this stage, the Poynting vector at each grid point is found. These vectors define the incident rays on each grid point.
In the second stage, a ray tracing model is used to propagate the beam from the irregular surface to an imaginary transmitted plane in the immediate vicinity of the interface. This model utilizes the Poynting vector and pressure field information obtained in the first stage at each grid point and computes the field on the transmitted plane. The ray tracing model would account for the aberrations induced on the beam by the irregular surface, but it does not consider beam spread due to diffraction. Also, in this model, the rays are considered to define flux tubes, and conservation of energy is applied from the interface to the transmitted plane.
Finally, in the third stage, the beam pattern on the transmitted plane is reconstructed. This beam profile over the transmitted plane is used as a new source and the Gauss-Hermite beam model is again used to propagate the beam from the transmitted plane to any point on the interior of the solid.
Ultrasonic Response from a Crack (Auld's Reciprocity Relation)
To predict the electric voltage signal which arises from backscattering of an ultrasonic beam from a crack, Auld's reciprocity formula [4] is used. More detailed information regarding formulations of the response from a crack may be found in another paper by these authors in this proceeding [5] .
The final formula relates the flaw induced change in a frequency dependent reflection coefficient, r( ill), to an integral over the illuminated surface of the crack. This single, dimensionless reflection coefficient gives the flaw response, normalized by the incident electromagnetic fields in the cable. The integrand is expressed in terms of the displacement fields existing on the crack surface. The displacement fields are computed using the hybrid model explained earlier, along with the Kirchhoff approximation.
Reference Si&nal
The change in the reflection coefficient or is frequency dependent. Therefore, to predict the response from a crack, the inverse Fourier transform of that spectrum must be used. However first, this reflection coefficient must be multiplied by the spectrum of a signal emitted by the transducer, which can be determined from a reference, pulse-echo signal from a known surface (see Figure 1 ). A measurement model is then used to correct for the effects of beam diffraction, reflection coefficient, attenuation and phase changes on the reference signal, with the output being the spectrum of the signal emitted by the transducer. This spectrum is convolved with the crack model to predict the signal observed in the laboratory.
EXPERIMENTAL SETUP
To validate the model experimentally, a steel sample with simulated cracks and step discontinuities on its two surfaces was used (see Figure 2) . The sample thickness was 1.67 cm, and the step sizes were 0.1524 cm. Three simulated cracks were placed on the bottom surface, so each crack could be scanned both over the steps and over the flat surface. The cracks were scanned using 45° longitudinal and shear waves. All the Three simulated .J\....... cracks had rectangular shapes with the same length and width but different depth. The length and the width of the cracks were 2.54 cm and 1.27 cm respectively. In Figure 2 , the three cracks are labeled as "I", "J" and "C", and their depths were 0.334 cm, 0.834 cm and 0.167 cm respectively.
The experiments were conducted by using a 2.25 MHz, 0.5 inch diameter planar transducer. Before conducting the experiments, the reference signal was taken from the flat top surface of the sample. This reference signal was then used to compute the spectrum of the signal emitted by the transducer.
Each of the cracks were scanned both over a step and over a flat surface using 45' shear and longitudinal waves. At each position the peak-to-peak amplitude and the position were recorded. Also, at one of the cracks (crack "J"), the time domain signal was recorded. Then, the model was used to simulate all the experiments.
RESULTS
Figures 3 to 6 show the results of comparison between the theoretical model and the experimental results. In Figure 3 , the time domain response from crack "J" is shown for both 45' shear and 45'longitudinal waves while propagating through flat surface and the step. The probe was positioned such that the central ray of the beam passed through the corner at the base of the step, as shown in Figure 2 . Figures 4 to 6 are the results of scans over all the three cracks. The graphs in these figures show the peak amplitude of the response from each crack against the horizontal position of the transducer.
In Figures 3 to 6 , the graphs were normalized. The same factor was used for all of the shear cases and a different factor was used for all of the longitudinal cases.
DISCUSSION
The main objective of this study is to predict and quantify the drop in signal response from a crack due to an step discontinuity. As Figure 3 shows, the predicted time domain signals from crack "J" for both 45' shear and 45' longitudinal waves are in good agreement with experiments. Figure 4 to 6 also show a general agreement between the model predictions and the experiments.
For the 45' shear case, the results show accurate predictions of the model against experiments for crack "J" no step, crack "J" with step, crack "I" no step, crack "I" with step and crack "C" with step. Experimental result for crack "C" no step shows 20% higher values than model prediction.
For the 45' longitudinal case, the results show good agreements for crack "J" no step and crack "J" with step. The agreements for crack "I" no step and crack "I" with step Step
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are reasonable. For crack "C" no step and crack "C" with step, the comparison shows that experimental data is larger than predicted results by the theoretical model.
The theoretical model only considers one illuminated side of the crack for computation of the response. This assumption is valid for the cracks with large depth or small width, but for the cracks with shorter depth and large width (such as the simulated cracks in our experimental sample) it may not be accurate. In the vicinity of the crack, the width of the beam may be large enough to illuminate the top of the crack as well as its side. Therefore, for the case of crack "C" (shortest crack) part of the response could be the reflection from top of the crack. Since the response is not included in the analysis, this could be the reason for higher experimental values in this case. The theoretical model can easily be modified to consider the response from top surface of the crack.
CONCLUSION
In this study, the pulse-echo ultrasonic response from cracks observed through irregularly shaped surfaces was modeled. The model was validated experimentally for a surface with step discontinuity. The responses from three simulated cracks were compared to theoretical predictions. The results showed general agreement between theory and experiments, with the disagreement in few cases being attributed to the shapes of the simulated cracks. The sample used for experiments had slot discontinuities of significant width, as opposed to the ideal cracks assumed in the theory. The fact that the experimental results exceeded the theoretical predictions for the shallowest slots was attributed to the response from the top of the crack.
Future work will be concerned with validation of the next theoretical model, which describes a pulse-echo response obtained using a transducer mounted on a plastic wedge. Then these models will be used to investigate the interaction of surface conditions and various parameters of an ultrasonic inspection. These parameters includes thickness of the plate, depth and size of the flaw, and transducer parameters. Finally, these findings will be used to determine what surface conditions constitute an acceptable limit on ultrasonic inspection.
